objective. To study the association between gastrointestinal colonization of carbapenemase-producing Enterobacteriaceae (CPE) and proton pump inhibitors (PPIs).
Carbapenemase-producing Enterobacteriaceae (CPE) are emerging multidrug-resistant gram-negative organisms causing an unprecedented public health threat. 1 Therapeutic options for invasive infections are limited and the mortality of bloodstream infection caused by CPE is up to 37%. 2 The nature of plasmid-mediated carbapenemases such as class A enzymes of the KPC type, zinc-dependent class B metalloβ-lactamases of mainly NDM, IMP, and VIM types, and class D carbapenemase of OXA-48 type facilitates global transmission and causes numerous outbreaks of CPE in the healthcare settings. [3] [4] [5] Failure in recognizing asymptomatic carriers may result in nosocomial transmission 6 or even country-wide outbreak. 7 Therefore, enhanced infection control measures such as active surveillance, isolation and cohorting of CPE patients with dedicated nursing staff and medical equipment, and daily bathing with chlorhexidine gluconate have been implemented to control the spread of CPE in the endemic settings. 8 Compared with the global epidemiology, CPE is not yet endemic in Hong Kong and mainland China. 9, 10 It is important to prevent importation and nosocomial transmission of CPE in our healthcare settings through the implementation of proactive infection control measures 11 and to understand the risk factors for CPE acquisition, such as recent hospitalization and the presence of indwelling devices. 12 Here, we analyzed the risk factors and duration of CPE colonization among the first 100 patients with gastrointestinal colonization of CPE in our healthcare network. Unexpectedly, the use of proton pump inhibitors (PPIs) was independently associated with fecal colonization and carriage duration of CPE. The finding is important for the formulation of infection control policy.
methods

Setting
As part of the routine hospital surveillance to control CPE, we analyzed the microbiologic and epidemiologic findings of gastrointestinal colonization of carbapenem-resistant Enterobacteriaceae (CRE) and CPE in a healthcare network (Hong Kong West Hospital Network) that comprises an acute care university-affiliated teaching hospital with 1,600 beds as well as 3 extended-care hospitals with another 1,600 beds in Hong Kong. According to our infection control program, patients were prospectively screened for CPE in target admission screening, opportunistic screening, safety net screening, and extensive contact tracing during hospitalization as previously described. 11, 13, 14 The duration of gastrointestinal colonization was monitored in patients colonized with CPE by surveillance fecal specimens collected at least once weekly, or more frequently if clinically indicated. The duration of carriage was taken as the date of the first positive to the date of CPE clearance. Clearance of CPE was assumed if a patient had at least 2 consecutive negative cultures taken 48 hours apart. To ensure fecal specimens were collected from all patients meeting the criteria, an electronic file of patient data was automatically generated by the hospital record office and was passed onto the infection control team on each working day. Newly admitted patients who fulfilled the screening criteria and those patients who had been hospitalized for 14 days were highlighted in the electronic file, which was further compared with the registration data of fecal specimens received for CPE screening in the laboratory information system in the microbiology laboratory. For patients who met the CPE screening criteria but had no fecal specimen received by the laboratory according to the system, the infection control nurses would remind the frontline staff for specimen collections. Usually, rectal swabs were collected for targeted screening, safety net screening, and extensive contact tracing, whereas stool specimens requested for Clostridium difficile were screened routinely for CPE (opportunistic screening).
Upon identification of gastrointestinal colonization of CPE, infection control nurses would advise appropriate infection control measures as described previously. 11, [15] [16] [17] Briefly, patients were placed in single-room isolation with strict contact precautions. Cleaning staff was specifically trained to perform meticulous disinfection of high-touch areas, such as bedrail, bedside table, and locker. 18 Terminal cleansing of patients' rooms and change of curtains were performed during their discharge or transfer.
Epidemiologic characteristics of all patients with newly identified CPE were retrieved from the clinical management system, which is a computer database with patients' information accessible from all public hospitals in Hong Kong. Risk factors for gastrointestinal colonization of CPE were investigated by case-control analysis. Two consecutive patients before and after a CPE case with negative result of CRE and CPE were chosen as controls. Nosocomial onset of CPE was defined as a positive culture of CPE identified by opportunistic screening performed after 48 hours of hospitalization, or safety net screening on the 14th day of hospitalization, whereas nosocomial acquisition of CPE was defined as secondary CPE cases identified during contact tracing. Outbreak investigations were conducted when 3 or more epidemiologically linked patients (same ward) with nosocomial onset or acquisition of CPE was identified. This study was approved by the institutional review board of the University of Hong Kong/Hospital Authority Hong Kong West Hospital Cluster.
Bacterial Identification and Susceptibility Testing
CPE screening was performed as previously reported. 19, 20 Briefly, a stool or rectal swab with visible fecal staining was submerged into brain heart infusion broth supplemented with 10 mg/L vancomycin (Sigma Aldrich) and 0.5 mg/L meropenem (Hospira), incubated at 37°C overnight for enrichment. Ten microliters of the enriched broth was subcultured onto MacConkey agar with 2 µg/mL meropenem and incubated aerobically at 35°C for 48 hours. Enterobacteriaceae that grew on the selective agars were identified using matrixassisted laser desorption ionization-time of flight mass spectrometry (Bruker Daltonics). Antimicrobial susceptibilities of the Enterobacteriaceae were determined using the Kirby-Bauer disk diffusion method in accordance with the Clinical and Laboratory Standards Institute or manufacturer's instructions. The presence of carbapenemase in the isolates was screened using the combined-disc test (meropenem/imipenem/ertapenem alone vs combination with phenyl boronic acid or ethylenediaminetetraacetic acid) and multiplex polymerase chain reaction targeting bla NDM , bla KPC , and bla OXA, bla IMP , bla VIM , bla GES , bla IMI , and bla SME genes. 19 
Statistical Analysis
A logistic regression model was used to determine the risk factors of gastrointestinal colonization of CPE. An odds ratio significantly greater than 1 implied higher risk of having gastrointestinal colonization of CPE. Cox regression was used to analyze risk factors of persistent colonization of CPE. CPE clearance was defined as the event. A hazard ratio of less than 1 implied longer duration of CPE colonization. Both bivariable and multivariable analyses were conducted. Multivariable analyses began with the full model and backward elimination was applied to select the final model. SPSS, version 20 (IBM), was used to perform the statistical analyses. A level of significance at 5% was adopted.
results
From July 1, 2011, through December 31, 2015, a total of 66,672 fecal specimens from 31,526 patients were screened in our healthcare network, of which 1,374 specimens (2.1%) from 518 patients (1.6%) were positive for CRE, and 345 specimens (0.5%) from 100 patients (0.3%) were positive for CPE ( Figure 1 ). The overall prevalence of CRE and CPE was 15.0 and 2.9 per 100,000 patient-days, respectively. The number and prevalence (per 100,000 patient-days) of CRE increased from 17 (2.2) in 2012 to 268 (33.9) in 2015 (P < .001), whereas the corresponding figures of CPE increased from 2 (0.3) to 63 (8.0) (P < .001), respectively. Of the 100 patients newly identified with gastrointestinal colonization of CPE, there were 69 males with a median (range) age of 60 (1-97) years. There were 48 medical patients (48%), 31 surgical patients, 10 orthopedic patients, 5 pediatric patients, 2 oncology patients, and another 4 patients who stayed in the adult intensive care unit. Thirty-seven (37%) of 100 patients had nosocomial onset of CPE with a median (range) of 15 (3-40) days after hospitalization. Twenty-one (56.8%) of the 37 patients with nosocomial onset of CPE were identified from opportunistic and safety net screening from 17 different wards; the remaining 16 (43.2%) had nosocomial acquisition of CPE identified as secondary cases during contact tracing in 14 wards. There was no evidence of clustering of cases to suggest hospital outbreaks. The risk factors for gastrointestinal colonization with CPE are shown in Table 1 . The presence of wound or drain and the use of cephalosporins, carbapenems, and PPIs in the preceding 6 months were independent risk factors in the multivariable analysis.
More than 1 specimen was received from 79 patients for CPE screening, with the median (range) follow-up time of 33 (3-545) days. Spontaneous clearance of CPE was noted in 57 (72.2%) of 79 patients, with a median (range) of 30 days during our study period. Consumption of both antibiotics and PPIs after CPE identification was associated with later clearance of CPE (hazard ratio, 0.35 [95% CI, 0.17-0.73]) ( Table 2) , compared with patients without use of both antibiotics and PPIs. On the other hand, the use of both antibiotics and PPIs in the 6 months preceding CPE identification was not significantly associated with the duration of clearance of CPE . Target admission screening includes (i) "Whom TO screen" criteria, where T represents a history of medical "tourism" with hospitalization outside Hong Kong and O represents a history of receiving surgical operation outside Hong Kong within 12 months preceding admission, (ii) patients with histories of admissions to local hospitals in the past 3 months, and (iii) patients being admitted to high-risk areas, including intensive care unit, liver transplant unit, hematology unit, and renal dialysis unit. Opportunistic screening for CPE is added on all fecal specimens requested for Clostridium difficile culture or cytotoxin assay, whereas safety net screening represents testing for CPE in all patients on the 14th day of hospitalization. Extensive contact tracing for secondary cases was performed when a CPE-carrying index patient was identified. Extensive contact tracing included all potentially exposed patients during the entire period of hospitalization of the index patient. Of 63 patients with CPE diagnosed by targeted screening, 26 (41%) had history of hospitalization outside Hong Kong in the preceding 12 months (24 from China, 1 from Thailand, and 1 from India), whereas 34 (54%) had history of hospitalization in Hong Kong in the preceding 3 months. The remaining 3 patients had no history of hospitalization and had probably acquired CPE in the community from an unknown source. (P = .742). The cumulative distribution plot of clearance of CPE patients with and without use of antibiotics and/or PPIs is illustrated in Figure 2 .
Of the 100 patients with gastrointestinal colonization of CPE, 10 (10%) had isolation of CPE from clinical specimens, after a median (range) duration of 55 (1-482) days. Six patients had CPE isolated in urine, 1 in bile, 1 in sputum, 1 in wound, and 1 in both blood and sputum specimens. Nine (9%) of the 100 patients died during the same episode of hospitalization in which CPE was identified.
Molecular characterization of the 100 first isolates of patient-unique CPE strains is illustrated in Table 3 . One patient had multiple NDM-producing Enterobacteriaceae isolates, including Escherichia coli, Salmonella species, and Proteus mirabilis, during the course of hospitalization as we reported previously. 20 
discussion
The overall prevalence of gastrointestinal colonization of CRE (1.6%) in our hospital network was much lower than that reported in previous studies conducted in the healthcare facilities in the United States (5.4%), 21 mainland China (6.6%), 22 and Israel (12.0%). 23 However, the prevalence of CRE and CPE increased significantly between 2012 and 2015, by 15-and 30-fold, respectively. More than 20% of the patients with CRE isolates had carbapenemase-producing strains in 2015, which was twice that reported in our group's previous study. 19 Multiple sources of CPE acquisition were noted in our cohort. Approximately 25% of new cases had a history of hospitalization outside Hong Kong, especially in mainland China, where CPE was recently reported in both metropolitan and rural healthcare settings. 24, 25 The route of acquisition in most patients was uncertain, except for a minority with clear epidemiologic link suggestive of nosocomial transmission during the extensive contact tracing exercise as previously described. 11, 26 The possibility of community acquisition could not be excluded. Carbapenemase-producing microorganisms have been reported in food-producing animals and food products. 27, 28 Avoidance of undercooked food items and vigilant attention to kitchen hygiene to prevent cross-contamination are advisable to reduce the risk of acquisition of multidrug-resistant organisms. 29 Opportunistic and safety net screening detected a significant proportion of CPE cases who were not colonized at the time of admission but acquired CPE during hospitalization. Broad-spectrum antibiotics were not infrequently used in patients with prolonged hospitalization. These screening strategies facilitated the identification of CPE carriage in patients with low microbial load upon admission, which was similar to the detection of MRSA in our group's previous study. 30 In fact, use of broad-spectrum antibiotics such as cephalosporins and carbapenems was significantly associated with CPE acquisition in the multivariable analysis, similar to findings in previous studies of gastrointestinal colonization of CPE during active surveillance cultures. 31, 32 Use of broad-spectrum antibiotics without intrinsic activity against CPE contributed to prolonged colonization. The duration of gastrointestinal colonization of CPE varied from months to years. After a large, single-center outbreak of KPC-producing Klebsiella pneumoniae in Germany, most patients had spontaneous decolonization within 6 months after acquisition, but long-term carriage of more than 3 years was possible. 33 To the best of our knowledge, our study was the first to demonstrate that use of PPIs was a risk factor for CPE acquisition. In addition, the combination of broad-spectrum antibiotics and PPI consumption further delayed CPE clearance. PPIs were previously shown to alter the composition of the gut microbiota by lowering the abundance of gut commensals, reducing microbial diversity, 34 and encouraging bacterial overgrowth in the small intestine, resulting in an overall increased risk of recurrent aspiration pneumonia in the elderly 35 and C. difficile-associated diarrhea. 36 Concomitant use of antibiotics and PPIs also conferred a greater risk of C. difficile infection. 37 Although the mechanism of PPI use and gastrointestinal colonization of CPE remains uncertain, hypochlorhydria induced by PPIs 38 may have allowed the passage of CPE from oral intake, nasogastric tube, or percutaneous gastrostomy feeding to the lower intestine with colonization during hospitalization. Thus, it is conceivable that not just antibiotics but also PPIs may increase the microbial load of CPE within the gastrointestinal tract of these patients and prolong the duration of CPE carriage. Therefore, directly observed patient hand hygiene before meals and medications among hospitalized patients, especially in patients receiving concurrent broad-spectrum antibiotics and PPIs, is important because it reduces the risk of oral ingestion of CPE. Similarly, healthcare workers should comply with hand hygiene practice before preparing feeds for patients with nasogastric or percutaneous gastrostomy. Male patients were shown to be significantly associated with CPE carriage, possibly related to the gender difference in hand hygiene practice, in which females washed their hands significantly more often than males. 39 Results from this study supported the need for limiting use of broad-spectrum antibiotics and PPIs in patients with gastrointestinal colonization with CPE to facilitate spontaneous clearance. Whether histamine H-2 receptor blocker, which has less profound acid suppression, would have lesser effect on CPE colonization requires further investigation. Although we hypothesized that PPI use could be associated with CPE acquisition and colonization, a previous study has not found any association between PPIs and CRE acquisition. 21 Further study of this potential risk factor is warranted. There are several limitations of this study. First, the relatively small sample size may be inadequate to demonstrate other significant associations-for instance, the use of either antibiotics or PPIs after CPE identification on the duration of CPE colonization. Second, our strains of CPE were heterogeneous, comprising NDM-, KPC-, IMP-, and OXAproducing Enterobacteriaceae. However, we believe that the analysis of the clinical epidemiology in this group of patients provides useful information for the formulation of infection control policy, regardless of the actual molecular type of CPE. In summary, compliance with infection control and hand hygiene is particularly important for relevant healthcare workers and patients on concomitant treatment with antibiotics and PPIs, which predispose them to a more prolonged carriage of CPE. Potential conflicts of interest. All authors report no conflicts of interest relevant to this article.
